



















































































































































































































































































































































































































































































the	 damage	 on	 structures,	 facilities	 and	 ground	 surfaces	 was	 developed.	 This	 was	 conceived	 in	 two	
subsequent	phases:	i)	a	classification	to	use	during	the	field	campaign	to	quantify	the	severity	of	cracks	and	
fractures	 on	 structures,	 facilities	 and	 ground	 surfaces;	 ii)	 an	 a	 posteriori	 ranking	 to	 apply	 on	 the	 entire	
structure,	involving	the	extension	of	damage	classes,	performed	by	a	cell-grid	matrix.	Furthermore,	a	damage	
recording	scheme,	useful	for	the	recognition	of	cracks	and	fractures	during	the	field	surveys,	was	proposed.	
A	 critical	 comparison	between	 the	 results	obtained	applying	 the	different	 classification	approaches,	 then	
followed.	Buildings	and	facilities,	for	both	sites,	were	categorized	using	also	kinematic	parameters	such	as	











the	 slope	was	 recognized.	 Some	outlayers	were	 identified,	mainly	 for	 low	damage	 levels,	 then	 singularly	
investigated.	To	assess	the	reliability	of	all	the	structures,	a	matrix	involving	damage	and	velocity	along	the	


















Landslides	 are	 among	 the	most	 important,	 natural	 or	man-induced,	 gravity-controlled	 processes	 that	
worldwide	represent	one	of	 the	most	widespread	geological	hazards.	After	earthquakes,	 landslides	cause	
catastrophic	effects	with	 consequent	 fatalities	 and	high	 socio-economic	damages	 to	man-built	 structures	
(e.g.	replacement,	repair	or	maintenance	of	damaged	structures)	with	direct	and	indirect	costs	(and	many	
others,	difficult	to	evaluate,	e.g.	losses	of	service)	(Schuster	and	Fleming,	1986;	Schuster,	1996;	Godt	et	al.,	







of	 lifelines	and	buildings,	 is	a	key	parameter	 in	risk	estimation.	Usually	great	attention	 is	paid	 in	planning	
strategies	in	order	to	prevent	or	reduce	landslide	disasters,	to	assess	their	impact	and	damage	to	understand	
the	 possible	 evolution.	 The	 assessment	 of	 damaging	 grade	 affecting	 buildings	 is	 useful	 to	 set	
countermeasures	for	avoiding	future	losses	(Del	Soldato	et	al.,	2016a;	Del	Soldato	et	al.,	under	review_a).	




events	 is	 lost.	 The	 continuous	 expansion	of	 the	urban	 fabrics,	 as	 a	 natural	 consequence	of	 demographic	
growth	 (Rybár,	 1997),	 induces	 people	 to	 occupy	 territories	 where	 dormant	 or	 old	 and	 forgotten	 active	
landslides	caused	ruinous	events	in	the	past.	Moreover,	the	disregard	of	Italian	laws	and	subsequent	several	
























































The	 first	 investigated	 deep-seated	 landslide	 is	 located	 in	 the	 territory	 of	 the	municipality	 of	 Agnone	
(Molise	region,	southern	Italy)	and	it	is	an	active	landslide	known	since	the	beginning	of	last	century	(Almagià,	
1910).	The	aerial	images	investigation	allowed	the	interpretation	of	the	evolution	of	the	landslide	starting	
from	 the	 1940s	 to	 the	 present	 day,	 by	 means	 of	 the	 SfM	 technique	 and	 the	 analysis	 of	 the	 Persistent	
Scatterers	 (PS).	 The	 description	 and	 classification	 of	 damage	 occurred	 on	 buildings	 and	 facilities,	mainly	




presents	 some	 benefits	 and	 constraints	 (Del	 Soldato	 et	 al.,	 under	 review_a),	 a	 new	 ranking	 for	 a	 quick	
landslide-induced	damage	evaluation	(Del	Soldato	et	al.,	under	review_b)	was	developed	and	applied.	From	
2003	 to	 2015,	 the	 facilities	 were	 classified	 using	 several	 parameters	 elaborated	 by	 the	 remote	 sensing	


















































The	 continuous	 expansion	 of	 the	 urban	 fabric,	 as	 natural	 consequences	 of	 the	 demographic	 growth	
(Rybár,	1997),	induces	people	to	occupy	territory	of	which	the	evolution	is	unknown.	For	this	reason	and	for	








Finally,	 the	obtained	 results	were	 compared	with	 ancillary	 data,	where	 available,	 to	 validate	 the	 remote	
sensing	results	and	to	allow	a	better	interpretation	of	the	phenomenon.	The	landslide-induced	damage	on	
buildings	 were	 categorized	 and	 some	 correlations	 between	 displacements	 affecting	 structures,	 namely	
measured	 velocity	 and	 damage,	 were	 researched	 and	 critically	 discussed.	 In	 order	 to	 prevent	 future	
important	damage	the	reliability	of	a	found	relationship	between	the	displacement	and	the	cracks,	affecting	
some	sample	buildings	in	the	two	studied	sites,	were	investigated.	Furthermore,	to	better	develop	the	issue	


















The	term	 ‘landslide’,	as	simply	denoted	by	Cruden	(1991),	 refers	 to	 ‘the	movement	of	a	mass	of	 rock,	
debris	or	earth	down	a	slope’.	
Every	 year	 the	 Centre	 for	 Research	 on	 the	 Epidemiology	 of	 Disasters	 (CRED)	 published	 the	 “Annual	












The	 global	 spatial	 distribution	 of	 fatal	 landslide,	 i.e.	 events	 reporting	 loss	 of	 lives,	 exhibits	 a	 strongly	







































representing	a	proxy	 for	 landslide	 intensity,	 the	 caused	damage	and	 the	economic	 and	human	 losses.	 In	







































by	 means	 of	 both	 several	 direct	 in	 situ	 investigations	 and	 remote	 sensing	 techniques.	 Some	 examples	
available	to	estimate	and	monitor	the	mass-movement	velocities	are	stereo-photogrammetry	(Jebara	et	al.,	















A	further	fundamental	parameter	to	well-define	a	 landslide	 is	 the	thickness	of	the	 implicated	material	
(Segoni	et	al.,	2012;	Del	Soldato	et	al.,	2016b).	If	only	the	first	3	-	5	m	of	depth	of	the	material	are	involved	
by	mass-movements,	they	are	considered	shallow	landsides	with	the	possibility,	depending	on	the	involved	







in	many	 parts	 of	 the	world.	 The	 geomechanical	 behaviour	 of	 a	 deep-seated	 landslide,	 particularly	when	
exceeding	 thicknesses	 of	 100	 m,	 plays	 a	 key	 role.	 Despite	 mechanical	 characteristics	 and	 deformations	
affecting	surficial	deposits	at	 the	top	of	deep-seated	mass	movements	can	be	significantly	different	 from	
those	of	shallow	landslides,	no	geomorphologist	consider	these	differences	during	the	investigations	of	large	
failures	 (Petley	 and	 Allison,	 1997).	 Movement	 patterns	 in	 deep-seated	 landslides	 were	 extensively	








































Fig.	 2.4	 -	 Profile	 section	 showing	 different	 distribution	 of	 activity	 of	 a	 landslide,	modified	 by	WP/WPI	 (1993):	 a)	
advancing	landslide;	b)	retrogressive	landslide;	c)	enlarging	landslide;	d)	diminishing	landslide;	e)	confined	landslide;	
f)	moving	landslide;	g)	widening	landslide	(WP/IWP,	1993).	




















spreading	 or	 flowing,	 is	 defined	 a	 complex	 landslide.	 While	 if	 at	 least	 two	 movements	 occurred	








with	 toppling	 and	 spreading	 classes.	 Subsequently,	 Almagià	 (1910),	 working	 on	 the	 Apennine	 territories	
severally	affected	by	landslides,	Heim	(1932)	and	Zaruba	and	Méncl	(1969)	focusing	the	attention	on	landslide	








and	 mud	 flows	 movements,	 respectively.	 In	 1938,	 Sharpe	 introduced	 a	 three-dimensional	 classification	
system	distinguishing	type	of	movement,	material	and	velocity	of	displacement.	Varnes	(1978)	improved	the	
knowledge	and	expanded	the	Sharpe’s	categorization.	Hutchinson	(1969,	1989)	focused	the	attention	on	the	
propagation	mechanism	 and	 based	 it	 on	multiple	 elements	 such	 as	material,	water	 content,	 kinematics,	
morphology	and	displacement	 rate.	 In	1996,	Cruden	and	Varnes	proposed	supplementary	 terms,	 such	as	
advancing,	enlarging,	retrogressive,	multiple	or	successive	deformation,	related	to	the	typology	of	movement	
of	 failure.	 Furthermore,	 the	 classification	 was	 implemented	 with	 the	 post-failure	 activity	 of	 the	 mass-
movement	by	means	of	dormant,	abandoned,	relict	and	re-activated.	
Also	 the	 geotechnical	material	 terminology	plays	 a	 key-role	 in	 the	description	of	 the	 landslide	 and	 to	
improve	 the	 characterization	 of	 the	mechanical	 behaviour	 (Hungr	 et	 al.,	 2014).	 Varnes	 (1978)	 takes	 into	
consideration	“rock”,	“debris”	and	“earth”.	In	case	of	transition	between	different	textural	classes	the	most	
significant	term	of	the	class	influencing	the	physical	behaviour	has	to	be	used.	The	term	“earth”,	that	not	











by	 little	 or	 no	 shear	 displacement.	 This	 movement	mainly	 occurs	 by	 falling,	 bouncing	 or	 rolling	 of	 rock	
fragments	or	ice,	and	it	may	be	also	caused	by	tensile	and	buckling	failures,	sometimes	preceded	by	small	
















































Spread	 is	 a	 term	 introduced	 in	 the	 geotechnical	 engineering	 field	 by	 Terzaghi	 and	 Peck	 (1948)	 for	
describing	an	extension	of	rock	mass	or	cohesive	soil	subsiding	and	subdivided	in	distinct	and	kinematically	
independent	blocks	due	deformation	of	 softer	and	ductile	underlying	strata.	The	movement	 is	caused	by	














not	 preserved.	 The	 active	 surface	 is	 recognizable	 by	 differential	 movements	 and	 distributed	 velocities	
propagation	within	the	moving	mass	similar	to	a	viscous	liquid.	The	huge	deformation	of	the	entire	sliding-
mass	 mainly	 allows	 differentiating	 flows	 from	 the	 other	 types	 of	 landslides	 in	 which	 the	 body	 mass-
movement	usually	moves	rigidly	along	the	slip	surface.	
Different	types	of	flows	can	be	distinguished	by	means	of	the	 involved	material,	different	velocity	and		




ü Rock	 flow:	 movement	 in	 bedrock	 including	 deformations	 distributed	 among	 large	 or	 small	
fractures,	 or	 even	 microfractures,	 with	 no	 concentration	 of	 displacement	 along	 fractures.	
Vibration,	undercutting,	differential	weathering,	 excavation	or	 stream	erosion,	 as	 for	 falls	 and	
topples,	are	the	triggering	factors.	
ü Rock	 avalanche:	 large	 rock	 disintegrates	 phenomena	 rapidly	moving	 down	 forming	 a	massive	
extremely	rapid	flow-like	motion	of	fragment	rock.	These	movements,	named	also	“stürzstrom”	
(Heim,	 1932),	 are	 characterized	 by	 an	 extremely	 rapid	 velocity	mainly	 triggered	 by	 the	 pore-











Oregon,	 USA	 (https://commons.wikimedia.org/wiki/File:Rock_Mesa_obsidian_flow_in_Oregon_in_2011_(9));	 b)	






































Fig.	 2.12	 -	 a)	 Debris	 flow	 occurred	 in	 the	 town	 of	 La	 Conchita,	 California,	 USA	 on	 January	 2005.		






















debris	 down-moving	 on	 a	 steep	 slope,	 without	 confinement	 in	 an	 established	 channel.	 This	








between	 Africa	 and	 Europe	 occurred	 from	 the	middle	Miocene	 until	 the	 upper	 Pliocene.	 The	 important	
extensional	 tectonic	 phase,	with	 a	NE-SW	extensional	 trend,	 caused	 a	 fragmentation	of	 tectonic	 units	 in	
distinct	 blocks	 piled	 up	 in	 the	 Apennine	 chain	 and	 the	 development	 of	 counter-Appenninic	 regional	
transcurrent	faults	during	the	Quaternary.	
The	“Structurally	Complex	Formations”	term	describes	geological	materials	that	had	suffered	the	above-
mentioned	geological	evolution	and	 it	 is	characterized	by	 large	and	scale-dependent	heterogeneity	 in	the	
lithological	and	structural	features	(Esu,	1977).	Heterogeneity	led	to	the	development	of	a	scaly-fabric	with	
the	 alternation	 of	 “hard”	 (rock-like	 material)	 and	 “weak”	 horizons	 (soil-like	 material)	 featuring	 the	
geotechnical	parameters	(Picarelli	et	al.,	2005).	
Several	 landslides	 affecting	 the	 southern	 Italian	 Apennine	 were	 developed	 due	 to	 their	 particular	
geological,	geotechnical	and	geomorphological	features.	These	aspects	and	the	mechanism	of	the	occurring	
landslides	 result	 to	be	very	 complex	and	 several	 studies	analysed	 the	general	 characters	 (Almagià,	1910;	
Cotecchia	and	Melidoro,	1974;	Guida	and	Iaccarino,	1991;	Di	Maio	et	al.,	2010).	The	stability	conditions	are	































































semi-coherence	 clayey	 and	 subordinate	 greyish	 sandy	 levels	 with	 low	 mechanical	 resistance,	 diffuse	
alteration	traces,	and	 lithoid	sandstones	or	calcareous	 intercalations	with	highly	variable	 thickness.	Some	
olistoliths	of	conglomeratic	old	material	are	present	inside	the	Agnone	formation	(ISPRA,	1971;	Vezzani	et	













The	 ground	 morphology	 of	 the	 area	 surrounding	 the	 landslide	 is	 strongly	 controlled	 by	 the	 mass	
movement	 and	 by	 different	 lithotypes.	 Slopes	 showing	 higher	 topographical	 gradients,	 from	 30°	 to	 35°,	
corresponds	to	outcrops	of	the	calcareous	formations,	while	lower	ones,	from	5°	to	10°,	correspond	to	areas	
where	 the	 argillaceous	 Flysch	 units	 crop	 out.	 Areas	 affected	 by	more	 significant	 erosional	 processes	 are	
characterized	by	slope	angle	values	greater	than	15°	-	20°.	
A	geotechnical	characterization	of	the	landslide	through	several	geological	and	geotechnical	campaigns	
including	 the	 execution	 of	 four	 boreholes	 (Fig.	 3.4)	 were	 conducted	 allowing	 the	 identification	 of	 four	
homogeneous	layers	described	in	the	following,	from	the	bottom	to	the	top	(Calcaterra	et	al.,	2008):	










































Jongmans	 et	 al.,	 2008;	Mihalinec	 and	Ortolan,	 2008;	 Yin	 et	 al.,	 2008).	 Despite	 the	 limitation	 due	 to	 the	
geometrical	features	of	the	inclinometer,	which	allow	only	the	estimation	of	the	displacement	in	a	vertical	














by	 means	 of	 historical	 aerial	 photos	 and	 by	 the	 more	 recent	 A-DInSAR	 methodologies.	 To	 perform	 an	
















1945	 4	 1:55000	 -	 7500	 137	
1954	 8	 1:33000	 9	 6000	 153.01	
1981	 5	 1:30000	 27	 5200	 152.55	
1986	 4	 1:28000	 5	 5100	 152.55	
1991	 6	 1:36000	 5	 6070	 153.22	




(PCN)	 of	 the	 Italian	 Environmental	 Minister	 (http://www.pcn.minambiente.it/)	 thanks	 to	 a	 specific	
agreement	with	the	Italian	Ministry	for	the	Environment,	Territory	and	Sea	(MATTM).	
Furthermore,	 a	 study	 conducted	 using	 COSMO-SkyMed	 images	 from	 April	 2010	 to	 February	 2012	 by	
means	of	the	Announcement	of	Opportunity	Project	(ID	n°	1460)	-	COSMO-SkyMed	entitled	“Application	of	
DInSAR	 technique	 for	 the	 slow	moving	 landslides	monitoring”,	 allowed	 to	 verify	 the	 suitability	 of	DInSAR	
technique	using	SAR	COSMO-SkyMed	images	for	the	Agnone	site.		
Given	 the	 low	 back	 scattering	 of	 the	 Persistent	 Scatterers	 due	 to	 vegetation,	 to	 investigate	 landslide	
movements	in	2010,	eight	Corner	Reflectors	(Fig.	3.7)	were	installed	with	an	arrangement	consisting	in	two	
groups	of	four:	the	first	placed	for	the	ascending	orbit	and	the	second	for	descending	ones.	Furthermore,	
several	 campaigns	 of	 differential	 GPS	 measurements,	 starting	 from	 2010,	 were	 carried	 out	 to	 monitor	














P.I.	 Del	 Soldato	Matteo)	 entitled	 “Ground	 deformation	 monitoring	 of	 slow-moving	 landslides	 in	 Agnone	
(Molise	 region,	 Italy)	 for	 building	 damage	 assessment”	 was	 made	 to	 obtain	 COSMO-SkyMed	 images.	





Features	 ERS	 ERS	 ENVISAT	 ENVISAT	 CSK	 CSK	
Wavelength	 C	(		5̴.6	cm)	 C	(		5̴.6	cm)	 C	(		5̴.6	cm)	 C	(		5̴.6	cm)	 X	(		̴3.1	cm)	 X	(		̴3.1	cm)	
Incident	Angle	θ	 		̴23°	 		̴23°	 		̴23°	 		̴23°	 26.6°	 26.6°	
Geometry	 Ascending	 Descending	 Ascending	 Descending	 Ascending	 Descending	
PS	cell	resolution	
(m	x	m)	
4	x	20	 4	x	20	 4	x	20	 4	x	20	 3	x	3	 3	x	3	















Processing	method	 PSInSARTM	 PSInSARTM	 PSInSARTM	 PSInSARTM	 CPT	 CPT	











in	 the	 south-western	 sector.	 The	 local	 climate	 of	 the	 area	 is	 characterized	 by	 dry	 summer	 and	 rainfall	
concentrated	 in	 spring	 and	 autumn	with	 a	mesothermic,	 humid,	Mediterranean	 features	 (Bazzoffi	 et	 al.,	
1997).	 According	 to	 the	most	 recent	 available	 data	 (AMI	 2011),	 the	 average	 annual	 precipitation	 ranges	
approximately	between	760	and	800	mm	per	year.	





The	 top	 of	 the	 sequences	 is	 composed	 of	 Calcarenites	 and	 Limestones	 closing	 the	 marine	 sedimentary	
succession,	 overlapping	 the	marine	 clays	 and	 sands,	 constituting	 the	 tableland	 on	which	 Volterra	 city	 is	
located	(Bianchini	et	al.,	2015b)	(Fig.	3.8b).	
In	the	southern	sector	of	the	municipal	territory	chemical	sedimentary	deposits,	such	as	travertine	and	
gypsum	 levels	 (Miocenic	 evaporitic	 episodes)	 are	 present	 (Bazzoffi	 et	 al.,	 1997;	 Pascucci	 et	 al.,	 1999).	
Furthermore,	 fine	 and	 detrital	 coarse	 sediments	 developed	 in	 lacustrine/lagoonal	 or	 continental	 fluvial-
deltaic	environments,	e.g.	“Fosci	Clays”	and	conglomerates	and	breccias,	respectively,	mantle	the	territory	














The	 chosen	 test	 site	 in	 the	 municipality	 of	 Volterra,	 affected	 by	 slope	 instability,	 is	 located	 in	 the	
southwestern	sector	of	the	town	(identified	by	the	red	colour	in	Fig.	3.9),	characterized	by	a	semi-urban	and	











The	 morphology	 of	 the	 studied	 area	 is	 typically	 hilly,	 with	 moderate	 relief	 and	 gentle	 slopes.	 The	
outcropping	formations	in	this	area	retrace	the	main	stratigraphic	sequences	present	in	the	municipality	with	
a	 level	 of	 marine	 “Blue	 Clays”	 overlapped	 by	 cemented	 “Villamagna	 sands”	 and	 the	 upper	 calcarenitic	
tableland,	named	also	“Volterra	limestone”	(Fig.	3.10a).	Moreover,	in	the	area	of	interest	they	are	mantled	
by	shallow	colluvial	deposits,	reaching	locally	thickness	of	20	m,	contributing	to	the	ground	instability	whit	
diffuse	 superficial	 landsliding	 (Bianchini	 et	 al.,	 2015b;	 Pratesi	 et	 al.,	 2015).	 Sedimentary	 lithological	 units	
outcropping	in	the	area	of	interest	show	a	bedding	with	dip	north-eastward	between	2°	and	10°	(Terrenato,	



















map	 provided	 by	 the	 Tuscany	 region	 referred	 to	 2012.	 Furthermore,	 the	 topography	 and	 the	 geological	
structure	of	the	tableland	influenced	the	spatial	distribution	and	the	typology	of	landslide	involving	the	area	
(Bianchini	et	al.,	2015b).	Typical	gullies	 in	clayey	soils	 characterize	 the	southern	slope	of	 the	Volterra	hill	






























The	 inclinometers	 installed	 in	 seven	 boreholes	 were	 system	 IN910	 (Fig.	 3.13)	 provided	 by	 SIM	















analysed	 by	 the	 Structure	 from	Motion	 technique,	 and	 Persistent	 Scatterers	 developed	 by	 the	 A-DInSAR	
methods	were	adopted	to	investigate	the	area	of	interest.	
The	 available	 historical	 aerial	 images	were	 requested	 to	 the	 Italian	 Istituto	Geografico	Militare	 (IGM)	














1954	 3	 1:30000	 -	 5000	 154.17	
1965	 4	 1:22000	 11	 3000	 152.35	
1982	 5	 1:30000	 17	 4500	 152.55	
1986	 3	 1:32000	 4	 5000	 152.55	
1995	 2	 1:38000	 9	 5800	 152.73	











Features	 ERS	 ENVISAT	 ENVISAT	 CSK	 CSK	
Wavelength	 C	(		5̴.6	cm)	 C	(		5̴.6	cm)	 C	(		5̴.6	cm)	 X	(		̴3.1	cm)	 X	(		̴3.1	cm)	
Incident	Angle	θ	 		̴23°	 		̴23°	 		̴23°	 31°	 26.6°	
Geometry	 Descending	 Ascending	 Descending	 Ascending	 Descending	
PS	cell	resolution	(m	x	m)	 4	x	20	 4	x	20	 4	x	20	 3	x	3	 3	x	3	













Processing	method	 PSInSARTM	 PSInSARTM	 PSInSARTM	 SqueeSARTM	 SqueeSARTM	








Both	 remote	 sensing	 analysis	 and	 field	 surveys	 were	 executed.	 In	 this	 chapter,	 the	 different	
methodologies	applied	to	the	two	investigated	areas	are	explained	and	described	in	detail.	
4.1 Remote	sensing	analysis	
Several	 techniques	 of	 remote	 sensing	 were	 applied	 for	 the	 scopes	 of	 the	 PhD	 research.	 The	 PhD	
investigations	were	developed	with	the	contribution	of	the	Structure	from	Motion	technique,	to	reconstruct	











cost-effective	 methods	 for	 modelling	 and	 remote	 sensing	 approaches	 were	 spread	 and	 increased	 in	
importance	in	last	decades	(García-Ruiz	et	al.,	2013).	The	analysis	conducted	by	stereophotogrammetry	using	
non-digital	 images,	 allows	 the	 observation	 of	 geomorphological	 evolution	 along	 several	 decades	 (Hapke,	
2005).	Currently,	the	use	of	a	stereoscope	is	considered	obsolete	and	a	relatively	old	technique	(Slama	et	al.,	
1980),	 while	 several	 free	 and	 commercial	 software	 packages	 allowing	 the	 3D	 vision	 through	 the	 use	 of	
anaglyph	glasses	 (glasses	with	one	 lens	blue	and	the	other	one	red)	were	developed.	Formerly,	historical	
aerial	photos	were	used	for	producing	Digital	Elevation	Models	(DEMs)	(Dewitte	et	al.,	2008),	to	delineate	
geomorphological	 shapes	 and	 for	 analysing	 their	 evolution	 in	 time.	 Recently,	 the	 popularity	 of	 remote	
sensing	techniques,	such	as	Structure	from	Motion	(SfM	in	the	following)	emerged	in	the	late	1970s	(Ullman,	
1979),	becoming	more	and	more	important	since	the	last	decade	(Abellan	et	al.,	2016).	Digital	models	created	







information	of	 the	past.	Contrarily,	SfM	 technique,	 allowing	 the	 reconstruction	of	 a	 surface	by	means	of	
digital	photographs,	can	be	used	in	order	to	investigate	the	situation	of	a	site	in	several	moments.	Therefore,	
if	 historical	 digitalized	 images	 (non-digital	 scanned	 pictures)	 of	 a	 site	 were	 available,	 it	 is	 reasonable	 to	
consider	that	a	digital	model	can	be	generated	to	reconstruct	the	geomorphological	situation	since	the	40’s	
(years	 of	 the	 first	 historical	 series	 available	 for	many	 areas)	 in	 order	 to	 investigate	 the	 evolution	 of	 the	
recognizable	phenomena.	
Despite	 the	 algorithm	 was	 developed	 several	 years	 ago,	 the	 application	 of	 the	 SfM	 technique	 for	
geomorphological	studies	of	the	Earth	surface	evolution,	and	in	the	geosciences	in	general,	is	an	emerging	




the	object	of	 interest	 in	an	absolute	 coordinate	 system,	 some	Ground	Control	Points	 (GCPs)	with	known	
object-space	 coordinates	 have	 to	 be	 inserted	 in	 order	 to	make	 useful	 this	 technique	 in	 the	 geosciences	
branch.	
The	SfM	approach	is	widely	used	for	applications	of	computer	vision	to	recover	3D	shape	and	appearance	





































printed	 images	 and,	 given	 that	 the	 software	works	with	 digital	 imagery,	 raw	 data	 have	 to	 be	 digitalized	
through	 a	 scan	 process	 with	 close	 attention	 and	 appropriate	 resolution	 to	 preserve	 all	 the	 valuable	
information.	It	is	worthy	to	note	that	photos,	and	consequently	scanned	images,	can	be	degraded	by	time	
and	even	ruined	by	the	users	compromising	some	information.	Secondarily,	the	scanned	images	have	to	be	








procedure	 on	 features	 extracted	 from	 a	 set	 of	 overlapping	 digital	 imagery.	 In	 this	 way,	 the	 camera	
parameters	are	assessed	and	calibrated,	and	if	the	images	are	well	prepared	they	have	to	be	recognized	as	
acquired	by	the	same	camera	type,	in	order	to	apply	the	optimization	processes	and	the	lens	calibration	to	






falls	 into	water	areas	and	the	alignment	could	be	not	allowed	due	to	the	 lack	of	 information.	 In	case	this	
occurs,	a	mask	to	“eliminate”	the	area	with	no,	or	not	enough,	information,	e.g.	water	regions,	can	be	created	
and	the	alignment	has	to	be	launched	again.	





















































work	considering	 that	 the	 reconstruction	 is	 conducted	on	digitalized	historical	 images	 that	not	have	high	



























perform	 the	 texture	 Orthophotos	 or	 Adaptive	 Orthophotos	 as	Mapping	 mode	 and	Mosaic	 (default)	 as	
























preliminary	 vision	of	 the	whole	 rebuilt	 and	georeferred	area	by	means	of	 the	use	of	 the	historical	 aerial	
images.	Also	in	this	case,	in	the	preferences	dialog	box	it	is	possible	to	choice	of	the	coordinate	system	of	the	






















technique	 was	 born	 for	 military	 applications	 and	 only	 in	 the	 last	 decades	 was	 spread	 also	 for	 civil	 and	
scientific	 utilizations	 (Hanssen,	 2001).	 The	 use	 of	 this	 type	 of	 sensors	 allows	 the	 acquisition	 of	 data	
independently	of	the	weather	conditions	and	illuminations	getting	it	usable	regardless	during	day	and	night.	


















































































Ø Shadowing	 (Fig.	 4.12c):	 when	 the	 radar	 beam	 is	 not	 able	 to	 illuminate,	 the	 ground	 surface	 the	
shadowing	 effect	 occurs.	 Shadowing	 affects	 areas	 in	 down	 range	 dimensions	 (i.e.	 towards	 the	 far	
range),	behind	vertical	shapes	and	slopes	with	steep	sides.	Given	that	the	radar	beam	does	not	manage	


















pixels.	 The	main	 problem	 is	 that	 the	 effect	 of	 this	 distortion	 could	 not	 be	 adjusted	without	 information	
derived	from	other	sources	to	validate	the	results	and	understand	the	topography	of	the	investigated	area.	
Furthermore,	 the	 way	 in	 which	 SAR	 data	 are	 recorded	 should	 be	 understood	 to	 fully	 comprise	 this	
phenomenon.	











is	 an	 important	 branch	 of	 the	 remote	 sensing,	 playing	 a	 key	 role	 in	 active	 geological	 processes,	 such	 as	
landslide	 mapping	 and	 monitoring.	 The	 interferometric	 processing	 of	 the	 images	 works	 to	 provide	 the	




























The	 SAR	 technique	 applied	 on	 studies	 of	 ground	movement	 detection	 is	 focused	 on	 the	 Differential	
Interferometric	SAR	(DInSAR)	approach	(Fig.	4.14)	(Massonnet	and	Feigl,	1998).	Such	methodology	is	often	




Of-Sight	 (LOS),	 such	 as	 the	 Persistent	 Scattering	 Interferometry	 (PSI)	 (Kampes	 and	 Adam,	 2006)	 can	 be	
exploited	and	carried	out.	For	instance,	by	means	of	a	specific	analysis	considering	phase	changes	in	a	series	
of	 SAR	 images	 acquired	 at	 different	 times	 over	 the	 same	 region,	 a	 series	 of	 interferograms	 related	 to	 a	
“master”	image	can	be	provided.	The	PSI	technique	works	a	step	further	with	respect	to	the	conventional	

















Ø Persistent	 Scatterers	 Interferometry	 SAR	 (PSInSARTM)	 was	 the	 first	 approach	 to	 extract	 the	 PS	








Ø Coherent	 Pixel	 Technique	 (CPT)	was	 grown	at	 the	Remote	 Sensing	 Laboratory	 (RSLab)	 of	 the	UPC,	
Spain,	(Universitat	Politècnica	de	Catalunya)	to	take	advantage	from	the	separately	use	of	amplitude-	
and	 coherence-based	 approach	 as	 selection	 criteria	 to	 obtain	 the	 components	 of	 non-linear	
deformations	(Mora	et	al.,	2003;	Blanco-Sanchez	et	al.,	2008);	
Ø Interferometric	 Point	 Target	 Analysis	 (IPTA)	 developed	 from	 the	 GAMMA	 Remote	 Sensing,	























Among	 the	 several	 methods	 to	 process	 and	 elaborate	 the	 radar	 satellite	 images,	 the	 Coherent	 Pixel	













portion	 of	 both	 images.	 The	 second	 one	 is	 finer	 reaching	 precisions	 of	 a	 fraction	 of	 pixel	 and	 it	 works	







and	 the	Doppler	 frequency	 (Df).	 The	 estimation	 of	 the	 spatial	 (normal)	 baseline	 is	 based	 on	 a	
reference	image,	usually	selecting	the	one	used	as	reference	already	in	the	co-registered	process.	
Subsequently,	 the	 interferogram	 selection	 works	 using	 the	 Delaunay	 triangulation8	 of	 the	
available	images	in	the	[Bn,	Bt,	Df]	to	represent	each	interferogram	by	an	arc	connecting	a	pair	of	
images.	
Ø selection	of	 the	pixels	within	 the	area	under	 investigation	where	 terrain	deformations	 can	be	






















To	 obtain	 the	 velocity	 values	 for	 each	 pixel	 an	 integration	 process	 is	 necessary.	 Furthermore,	 a	 good	
distribution	of	control	points,	stable	points	affected	by	deformation	and	characterized	by	well-known	linear	








technique	was	applied	by	TRE-ALTAMIRA	company	 to	process	 the	COSMO-SkyMed	data	available	 for	 the	
Volterra	site	(Tuscany	region,	central	 Italy)	to	provide	a	high	density	of	points	to	analyse.	SqueeSAR™	is	a	
term	 that	 recall	 the	 concept	 of	 “squeezing”.	 In	 DInSAR	 application	 it	 is	 related	 to	 the	 association	 of	
information	 to	 coherent	 matrix	 in	 order	 to	 extract	 an	 optimum	 vector	 of	 phase	 values	 to	 use	 for	
interferometric	analysis.	SqueeSARTM	technique	results	to	be	a	very	effective	tool	for	different	scales,	from	




images:	 Persistent	 Scatterers	 (PS),	 point-wise	 scatterers	 having	 the	 reflected	 energy	 of	 a	 single	 or	 a	 few	




















An	 important	 improvement	with	 respect	 to	 the	other	multi-interferogram	algorithms	 is	 the	use	of	 all	





to	 a	 point-wise	 radar	 target	 (Ferretti	 et	 al.,	 2011).	 The	 results	 of	 the	 SqueeSAR	 technique	 for	 each	
measurement	 point	 includes	 the	 yearly	 displacement	 velocity	 value	 and	 the	 possibility	 to	 extract	 the	
displacement	time	history.	





along	 the	Line	of	Sight	 (LOS),	 thus	 the	displacement	during	 time	along	a	unit	vector	co-directional	of	 the	
satellite.	If	both	geometries	data	were	acquired	and	are	available,	the	real	velocity	of	displacement	affecting	









The	 combination	 of	 the	 velocities	 acquired	 by	 both	 ascending	 and	 descending	 orbits,	 provides	 the	
possibility	to	decompose	the	detected	motion	along	the	LOS	 into	the	horizontal	and	vertical	components	
(Manzo	et	al.,	2006;	Notti	et	al.,	2014).	Using	the	mean	velocity	of	the	two	available	orbits	a	system	with	two	
formulas	and	three	variables	will	be	created	as	follow	(Eq.	2):	𝑉) = 𝑉# ∙ ℎ+,-,) + 𝑉' ∙ ℎ+,-,) + 𝑉( ∙ 𝑒+,-,)𝑉0 = 𝑉# ∙ ℎ+,-,0 + 𝑉' ∙ ℎ+,-,0 + 𝑉( ∙ 𝑒+,-,0	 	 	 	 	 	 	 	 (2)	
where	hLOS,a,	eLOS,a,	hLOS,d	and	eLOS,d	represent	the	LOS	directional	cosines	for	ascending	and	descending	passes,	
respectively.	




be	derived	by	means	of	trigonometric	rules	(Eq.	3).	𝑉1 = 23 4567,8 9 28 4567,8:567,3 4567,39:567,8 4567,8𝑉2 = 23 :567,3 9 28 :567,84567,3 :567,394567,8 :567,8	 	 	 	 	 	 	 	 	 	 (3)	
where	Va	and	Vd	represent	the	velocity	measured	by	the	satellite	along	the	LOS	direction	in	the	ascending	
and	descending	passes,	respectively,	hLOS,a	(Eq.	4),	eLOS,a	(Eq.	5)	and	nLOS,d	(Eq.	6)	are	the	LOS	directional	cosines	
for	ascending	and	descending	orbits,	respectively.	ℎ+,- = cos 𝛼 	 	 	 	 	 	 	 	 	 	 	 (4)	𝑒+,- = cos 1.571 − 𝛼 ∗ cos𝜔	 	 	 	 	 	 	 	 	 (5)	𝑛+,- = cos 1.571 − 𝛼 ∗ cos 𝜂	 	 	 	 	 	 	 	 	 (6)	𝜂 = 3.142 − 	𝜃	 	 	 𝜔 = 4.712 − 𝜃	
The	VV	computed	by	Eq.	(3),	corresponding	to	the	vector	VV1	in	Fig.	4.15	is	the	result	of	the	combination	

















point	 of	 measure	 has	 to	 be	 recognized	 as	 a	 valid	 target	 in	 both	 geometries	 and	 synthetic	 PS,	 artificial	
Persistent	Scatterers	following	a	sampling	grid,	have	to	be	created	(Rosi	et	al.,	2014).	In	this	way,	spatially	
regular	series	of	synthetic	PS	were	collected	through	a	sampling	grid	with	square	cells	in	which	to	calculate	











Fig.	 4.16	 -	 Flow-chart	 of	 the	process	 to	 extract	 the	Vertical	 and	Horizontal	 components	 starting	 from	PS	of	 both	
ascending	and	descending	geometries	(Rosi	et	al.,	2014).	
The	 choice	 of	 the	 cell	 size	 to	 adopt	 for	 the	 conversion	 of	 PS	 in	 synthetic	 PS	 has	 to	 consider	 several	
parameters.	It	depends	on	the	scale	of	the	investigated	site,	the	number	and	the	distribution	of	the	Persistent	
Scatterers	in	the	area	and,	also,	on	the	dimension	of	the	investigated	phenomena.	
Once	 that	 the	 vertical	 and	 horizontal	 components	 of	 the	 vector	 are	 calculated,	 the	main	 direction	 of	
ground	 deformation,	 the	 real	 velocity	 (Vr)	 can	 be	 calculated	 in	 order	 to	 discriminate	 areas	 affected	 by	
landslide	 or	 by	 subsidence.	 Given	 that	 the	 angle	 between	 VH	 and	 VV	 is	 90°,	 it	 is	 possible	 to	 apply	 the	
Pythagoras	theorem	to	calculate	Vr	(Eq.	8)	based	on	the	angle	between	the	VE	and	the	Vr	(a)	or	the	angle	




















Furthermore,	 examining	 the	 time	 series	 of	 Persistent	 Scatterers,	 different	 trends	 can	 be	 automatically	
identifiable	detecting	distinct	phases	of	the	temporal	evolution	(Milone	and	Scepi,	2012;	Cigna	et	al.,	2012;	
Berti	et	al.,	2013).	
Notti	 et	 al.	 (2015),	 in	 order	 to	 properly	 characterize	 the	 temporal	 behaviour	 of	 the	 displacement,	


























In	2013	Berti	et	al.	developed	a	procedure	based	on	a	sequence	of	 statistical	characterization	 tests	 in	
order	to	classify	the	Persistent	Scatterers	Interferometry	(PSI)	time	series	according	to	their	peculiar	trends.	





Ø Type	3	 “bilinear”	 -	 time	 series	with	 a	 breakpoint	with	 continuous	 function	dividing	 two	 linear	
tracts	with	constant	velocity;	
Ø Type	 4	 “discontinuous	 with	 constant	 velocity”	 -	 time	 series	 segmented	 by	 a	 breakpoint	 with	
discontinuous	function	dividing	two	linear	tracts	with	similar	velocity;	

















Urbanized	 areas	 affected	 by	 landslide	 displacements	 often	 reveal	 ruptures	 and	 cracks	 on	man-made	
facilities.	These	effects	occur	when	the	ground	movements	affecting	buildings	are	greater	than	the	tensions	









administrative	 (to	declare	restrictive	rules	such	as	 the	evacuation	 for	no	safe	constructions),	planning	 (to	








of	 applicability	 (Del	 Soldato	 et	 al.,	 2016a).	Most	 of	 the	 existing	 damage	 classification	methods	 consider	
different	 conflicting	 parameters	 without	 taking	 into	 account	 the	 relevance	 of	 damage	 investigations	 at	
ground	surfaces.	Furthermore,	none	of	them	takes	into	consideration	the	possibility	of	their	applicability	not	
only	on	buildings,	but	more	generally	on	facilities.	These	pending	issues	do	not	allow	a	simple	and	univocal	
application	and	result,	 therefore	a	complete	and	easy-to-use	methodology	 is	 required	 (Del	Soldato	et	al.,	












Authors	 divided	 damage	 in	 three	 main	 categories:	 architectural,	 functional	 and	 structural	 damage.	
Architectural	damage	are	referred	to	the	appearance	on	the	construction,	e.g.	fine	cracks	in	finishes,	floor	or	
panel	walls	 (wider	 than	0.5	mm),	 in	plaster	 (wider	 than	1mm)	and	 in	 rough	concrete	and	masonry	walls.	
Functional	damage	involve	the	use	of	the	structure	producing	extensive	cracks,	tilting	of	floors	and	walls,	
falling	plaster,	obstructed	doors	and	windows	and	other	non-structural	damage.	Structural	damage	prejudice	
the	 stability	 of	 the	 construction	 manifesting	 ruptures	 and	 distortions	 in	 support	 elements	 (e.g.	 pillars,	
columns	and	load-bearing	walls).	In	practice,	damage	affecting	facilities	are	assessed	performing	field	surveys	
highly	conditioned	by	the	criteria	adopted	and	by	the	experience	of	the	operators.	
During	 the	 second	 half	 of	 the	 last	 century	 the	 scientific	 community	 developed	 some	 specific	 damage	









cumulated	 experience	 by	 three	 previous	works:	 a	 study	 of	 the	 economic	 consequences	 of	 the	 heave	 of	
construction	on	swelling	clays	where	a	simple	categorization	of	the	damage	based	on	their	restoration	was	
conceived	(Jennings	and	Kerrich,	1962);	a	simple	classification	based	on	wide	experiences	of	damage	caused	
















Grades	 Damage	level	 Crack	width	(CW	in	mm)	 Description	of	damage	
0	 Negligible	 <	0.1	 Hairline	cracks	
1	 Very	Slight	 <	1	 Fine	cracks	and	isolated	generally	restricted	to	internal	walls	finishes	


























































































Masonry	 0	 None	 None	
Reinforced	
concrete	frame	 0	 None	 None	
1	 Negligible	
Masonry	 0	 Hairline	cracks	of	the	plaster	 None	
Reinforced	
concrete	frame	 0	 Hairline	cracks	of	the	plaster	 None	
2	 Light	
Masonry	 2	-	3	cm	 Small	cracks	through	walls	and	partitions	 None	
Reinforced	




























Masonry	 u.d.	 u.d.	 Cordoning	
Reinforced	
concrete	frame	 u.d.	 u.d.	 Cordoning	
7	 Total	collapse	
Masonry	 u.d.	 u.d.	 Cordoning	
Reinforced	
concrete	frame	 u.d.	 u.d.	 Cordoning	
	
4.2.1.5 Cooper	(2008)	
Cooper	 (2008)	 conducted	 a	 study	 on	 several	 existing	methods	 devised	 to	 categorize	 damage	 due	 to	
subsidence,	earthquakes,	mining	and	landslide	phenomena.	Moreover,	the	recording	procedure	and	scheme	
of	 damage	 has	 to	 be	 popular,	 simple	 and	 easily	 to	 use	 by	means	 of	more	 practical	 parameters	 for	 field	
surveys.	The	Author	found	that	many	parameters,	with	slight	differences,	were	commonly	used	to	evaluate	




details	 about	 cracks	 on	 foundations	 or	 on	 other	 subsurface	 amenities	 and	 the	 external	 visibility	 of	 the	
building	 cracks	 is	 added	 because	 the	 internal	 accessibility	 to	 the	 structures	 has	 not	 to	 be	 considered	 as	













Grade	 Typical	building	damage	 Subsidence	ground	damage	 Landslide	Ground	damage	

























































































































The	 DPC	 approach	 was	 devised	 for	 quick	 survey	 and	 to	 classify	 the	 damage	 magnitude,	 even	 if	 the	
requested	 field	 analysis	 on	 the	 structure	 has	 been	 conducted	with	 care.	 It	 was	 conceived	 to	 assess	 the	
reliability	of	the	structure,	it	is	more	complete	than	others	one,	composed	of	several	tables	and	schemes	to	
be	followed	during	the	post-seismic	events	survey.	Overall,	the	form	to	compile	during	the	field	campaign	is	
composed	of	nine	 sections:	 three	 tables	dedicated	 to	 the	 identification	 and	description	of	 the	examined	



















Grades	 Damage	level	 Crack	width	(CW	in	mm)	 General	description	of	the	damage	


































































(LOS)	of	the	satellite	along	the	slope.	𝑉OVNW: = 2567X 	 	 	 	 	 	 	 	 	 	 	 	 (9)	
where	 VLOS	 is	 the	 velocity	 measured	 by	 the	 satellite	 along	 the	 Line-Of-Sight	 and	 C	 represents	 the	
percentage	 of	 movement	 that	 the	 SAR	 sensor	 can	 register.	 This	 coefficient	 (Eq.	 10)	 is	 calculated	 using	
parameters	derived	from	the	DEM	of	the	investigated	area	and	the	direction	cosine	(Eq.	4,	5	and	6)	of	the	
LOS	depending	on	the	incident	angle	and	the	LOS	azimuth	in	radians.	𝐶 = 𝑛+,- ∗ cos 𝑆 ∗ sin 𝐴 − 1.571 + 𝑒+,- ∗ −1 ∗ cos 𝑆 ∗ cos 𝐴 − 1.571 + ℎ+,- ∗ sin 𝑆 	 (10)	

















tends	 towards	0.	Notti	et	al.	 (2014)	 suggests,	based	on	empirical	experience,	 three	categories	𝐶 =−0.2	when	−0.2 < 𝐶 < 0	and	𝐶 = 0.2	in	case	of	0	< 𝐶 < 0.2.	
Ø C	value	varies	strongly	with	the	irregularity	of	the	slope,	then	Notti	et	al.	(2014)	suggests	to	use	a	DEM	
with	 low	 resolution,	 or	 resampled,	 to	 smooth	 out	 small	 variation	 causing	 errors	 and	 uniform	 the	
coefficient	into	the	entire	landslide.	
Vslope	 parameter	 was	 used	 to	 classify	 the	 buildings	 in	 order	 to	 investigate	 for	 a	 relationship	 with	 the	
damage.	In	this	way	the	buildings	were	categorized	based	on	a	velocity	of	displacement	close	to	the	real	one	






































	 Burland	et	al.	 Alexander	 Chiocchio	et	al.	 Cooper	 DPC	-	Baggio	et	al.	
Year	 1977	 1986	 1997	 2008	 2009	
Number	of	classes	 6	 8	 8	 8	 4	
Distinction	of	
structure	 NO	 NO	 YES	 NO	 NO	
Reference	values	 YES	(mm)	 NO	 YES	(cm)	 YES	(mm)	 YES	(mm)	
Partition	of	the	
structure	 NO	 NO	 NO	 NO	 YES	
Applicability	on	
ground	surface	 NO	 NO	 NO	 YES	 NO	
	
As	mentioned	in	Cooper	(2008),	a	method	for	assessing	 landslide-induced	damage	on	buildings	should	




























































Fine	or	 isolated	cracks,	generally	 in	 internal	
walls	 or	 finishes	 not	 influencing	 the	
resistance	 of	 the	 structure;	 no	 distortion.	
Not	 visible	 from	 the	 outside,	 rarely	 in	














slightly.	 Repair	 not	 urgent,	 some	 external	
redecoration	 probably	 required.	Difficult	 to	
record	from	outside.	
Thin	cracks	in	hard	surfaces	as	roads,	
concrete	 pavements.	 No	 ruptures	
visible	 in	 vegetated	 ground.	 No	
















Change	 of	 tension	 in	 wires	 and	
fences.	 Open	 cracks,	 distortion,	













Spread	 cracking	 and	 fractures	 in	 structural	
members	conditioning	the	resistance	of	the	
structure.	 Considerable	 disjunction;	 floors	
inclined	 and	 walls	 out	 of	 perpendicular.	
Windows	 and	 doors	 too	 distorted	 to	 use,	
walls	lean	or	bulge	noticeably,	service	pipes	
disrupted.	 Evacuation	 and	 shoring.	
Noticeable	from	outside.	
Ground	 surface	 bulged	 and/or	
depressed	 presenting	 widespread	
tension	 cracks	 in	 soil	 and	 turf.	
Settlement	may	tilt	walls,	fracture	of	
















of	 the	 structure.	 Out	 of	 plumb	 walls,	
structure	grossly	distorted,	seriously	cracked	
floors	and	walls,	doors	and	windows	broken.	
Possible	 major	 rotation	 or	 swelling	 of	 the	
building	and	collapse	of	part	of	the	structure.	
Evacuation	 and	 cordoning;	 Occupant	 will	
need	 to	 be	 rehoused.	 Partial	 or	 total	
rebuilding	 requires,	 probably	 not	 feasible.	
Very	obviously	from	outside	
Extensive	 ground	 cracking	 with	
minor	 and	 major	 scarps,	 ground	
bulging	 and	 soil	 rolls.	 Debris,	 earth	
and	 mud	 flows,	 falls	 and	 slide	 may	
affect	 man-made	 facilities.	
Settlement	 causes	 cracks,	 rotation	





























not	 considered	 in	 the	 categorization	because	not	easily	 recognizable	without	 invasive	 investigations.	 The	
definitions	of	the	ground	damage	was	adopted	from	the	Cooper	(2008)	classification	and	modified	 in	the	





























X Y Z 
Municipality  Prov.  N    
Type of construction 
 
E 




   
Date of construction 
 
W 
   
Floors 
 
Position respect to the landslide 
 
 
Thin and open vertical, horizontal and diagonal cracks (a, b, c and d); local crushing 
with or without losing of material (e and g); fissure and cracks in plaster and 
intersection of walls (f and h); distortion of services (i); unstable wedge and bended or 
collapse roof (j, k and l); open and thin crack between the wall and sidewalk (m); open 
(sometimes filled) and thin parallel and perpendicular cracks in in horizontal structures 
(n and o); propagation of landslide crown (p); minor or major scarps (q); fractures and 
thin fissure in ground surfaces (r and s); piece of structure fall along the scarp (t) 
Extension of the damage G0 G1 G2 G3 G4 G5 
< 1/3       
1/3 < damage < 2/3       
> 2/3       


























two	different	parts	 to	enter	 in	 the	symmetric	matrix	 (Table	5.3).	The	ground	fractures	classified	with	 the	














































































































> 2/3 G5 - - 7.000 - - 6.533 - - 6.067 - - 5.600 - - 5.133 - - 5.000 
1/3 < G5 < 2/3 - 7.000 - - 6.300 - - 5.600 - - 4.900 - - 4.200 - - 4.000 - 
< 1/3 G5 7.000 - - 6.067 - - 5.133 - - 4.200 - - 3.267 - - 3.000 - - 
> 2/3 G4 - - 6.067 - - 5.600 - - 5.133 - - 4.667 - - 4.200 - - 4.067 
1/3 < G4 < 2/3 - 6.300 - - 5.600 - - 4.900 - - 4.200 - - 3.500 - - 3.300 - 
< 1/3 G4 6.533 - - 5.600 - - 4.667 - - 3.733 - - 2.800 - - 2.533 - - 
> 2/3 G3 - - 5.133 - - 4.667 - - 4.200 - - 3.733 - - 3.267 - - 3.133 
1/3 < G3 < 2/3 - 5.600 - - 4.900 - - 4.200 - - 3.500 - - 2.800 - - 2.600 - 
< 1/3 G3 6.067 - - 5.133 - - 4.200 - - 3.267 - - 2.333 - - 2.067 - - 
> 2/3 G2 - - 4.200 - - 3.733 - - 3.267 - - 2.800 - - 2.333 - - 2.200 
1/3 < G2 < 2/3 - 4.900 - - 4.200 - - 3.500 - - 2.800 - - 2.100 - - 1.900 - 
< 1/3 G2 5.600 - - 4.667 - - 3.733 - - 2.800 - - 1.867 - - 1.600 - - 
> 2/3 G1 - - 3.267 - - 2.800 - - 2.333 - - 1.867 - - 1.400 - - 1.267 
1/3 < G1 < 2/3 - 4.200 - - 3.500 - - 2.800 - - 2.100 - - 1.400 - - 1.200 - 
< 1/3 G1 5.133 - - 4.200 - - 3.267 - - 2.333 - - 1.400 - - 1.133 - - 
> 2/3 G0 - - 3.000 - - 2.533 - - 2.067 - - 1.600 - - 1.133 - - 1.000 
1/3 < G0 < 2/3 - 4.000 - - 3.300 - - 2.600 - - 1.900 - - 1.200 - - 1.000 - 
< 1/3 G0 5.000 - - 4.067 - - 3.133 - - 2.200 - - 1.267 - - 1.000 - - 
 
No damage 1 Negligible 1 ÷ 1.499 Weak 2 ÷ 2.499 Moderate 3 ÷ 3.499 Serious 4 ÷ 4.499 Very serious 5 ÷ 5.499 Potential collapse 6 ÷ 6.499 Unusable 6.499 ÷ 7 
 










The	 investigated	 Colle	 Lapponi	 -	 Piano	 Ovetta	 landslide	 is	 a	 deep-seated	 mass-movement	 whose	





damaging	 the	 access	 bridge	 to	 the	historical	 centre	 of	Agnone	 caused	by	 the	 combination	of	 an	 intense	
rainfall	period	with	the	snow-melting.	Other	old	reports	are	very	rare	to	find,	but	it	is	known	that	the	territory	
of	the	Agnone	municipality	was	diffusely	and	chronically	affected	by	landslides.	
In	order	 to	 investigate	 the	evolution	of	 the	 landslide,	 the	historical	aerial	 images	 taken	by	 the	 IGM	 in	
different	 years	 since	 1945	 were	 analysed.	 By	 means	 of	 the	 application	 of	 the	 Structure	 from	 Motion	
technique,	the	3D	reconstructions	of	several	years	of	the	landslide	area	were	realized	in	order	to	investigate	
the	evolution	of	 the	 landslide	 (Fig.	 5.5).	 The	precision	of	 the	models	depends	on	 the	quality	of	 the	 scan	
process	 used	 for	 the	 images	 and	 the	 source	 of	 the	 GCPs	 coordinates,	 in	 this	 case	 a	 DEM	with	 5-m	 cell	
resolution.	 In	 this	 way,	 all	 the	 reconstruction	 realized	 for	 the	 Agnone	 landslide	 resulted	 with	 a	 pixel	
dimension	 lower	 than	 5	 m	 (Fig.	 5.5).	 For	 the	 analysis	 of	 the	 evolution	 of	 the	 CL-PO	 landslide,	 the	 3D	
reconstructions	were	developed	only	on	the	 landslide	area	and	the	surrounding	region.	Analysing	 the	3D	
reconstructions	developed	 for	 seven	historical	 sets	of	 images,	 from	1945	 to	2005,	different	stages	of	 the	
mass-movement	 evolution	 affecting	 the	 Colle	 Lapponi	 -	 Piano	 Ovetta	 were	 recognized.	 It	 is	 interesting	
noticing	that	the	first	activation,	or	reactivation,	of	the	landslide	occurred	before	the	1945	involving	only	the	
western	 part	 of	 the	 valley	 (Fig.	 5.5a)	 and	 damaging	 the	 access	 road	 to	 some	 buildings.	 The	 subsequent	
reconstructions	made	by	means	of	aerial	 images	of	1954,	1981	and	1986,	 shown	as	 the	evolution	of	 the	
territory	 tried	 to	 remove	 the	geo-morphological	 shapes	determined	by	 the	 landslide	before	1945.	 In	 the	
model	of	 1954	no	 important	enlargements	of	 the	 investigated	area	were	 shown:	only	 little	 advancing	of	
material	at	the	foot	can	be	recognized.	(Fig.	5.5b).	The	3D	reconstruction	of	1981	do	not	show	important	
differences	too,	even	if	a	cloud	on	the	right	side	of	the	valley	covers	part	of	the	landslide	area	(Fig.	5.5c).	The	
diffusion	 of	 several	 ploughed	 and	 cultivated	 areas	 allows	 to	 suppose	 that	 no	 new	 events	 occurred.	 This	

















Year	 X	error	(m)	 Y	error	(m)	 Z	error	(m)	 XY	error	(m)	 Total	(m)	 Image	(pix)	
1945	 3.173	 1.388	 2.577	 3.463	 4.317	 0.657	
1954	 2.721	 1.594	 2.010	 3.154	 3.740	 0.873	
1981	 0.416	 0.678	 0.621	 0.795	 1.009	 0.539	
1986	 1.373	 1.367	 1.732	 1.938	 2.599	 0.521	
1991	 0.906	 1.111	 1.331	 1.434	 1.956	 0.362	
2003	 0.989	 1.414	 1.125	 1.725	 2.060	 0.392	
2005	 0.331	 1.153	 0.701	 1.199	 1.389	 1.138	
	





























the	 landslide	 continued	 to	 be	 active	 in	 the	 following	 years,	 increasing	 its	 dimension	 and	 carrying	 on	 to	
provoke	several	damage	on	facilities	and	buildings.	Some	testaments	are	due	to	the	continuous	problems	




some	months	 later	 when	 the	 phenomenon	 was	 subject	 to	 a	 further	 evolution.	 For	 instance,	 on	 the	 3D	
reconstruction	 the	 dirty	 road	 that	 crossed	 the	 landslide	 is	 yet	 recognizable,	 instead	 in	 the	 picture	 it	 is	
indistinguishable	from	the	detritus.	
Less	 than	 two	years	 later	 the	 first	 important	 reactivation,	a	 series	of	 several	 rainfall	events	 (Fig.	5.3b)	
activate	again	the	CL-PO	landslide,	in	March	2004	(Fig.	5.5h)	and	between	December	2004	-	January	2005	

















1500	m.	 Some	of	 them	were	measured	again	during	 the	 field	 campaign	carried	out	 in	 July	 2016.	Not	 all	
benchmarks	were	found	because	during	the	years	some	of	them	were	destroyed	during	the	realization	of	
the	drainage	operations,	lost	for	the	continuous	displacement	affecting	the	territory	or	because	too	difficult	

































Inclinometers	 S1	 S2	 S3	 S4	 S5	(ex	S2)	 S6	
Installation	 11/01/06	 03/02/06	 30/01/06	 15/02/06	 11/04/06	 12/04/06-	
Reading	"0"	 16/03/06	 16/03/06	 16/03/06	 17/03/06	 -	 13/04/06	
Reading	"1"	 13/04/06	 lost	 13/04/06	 13/04/06	 13/04/06	 19/05/06	
Reading	"2"	 19/05/06	 lost	 19/05/06	 19/05/06	 19/05/06	 21/06/06	
Reading	"3"	 21/06/06	 lost	 21/06/06	 21/06/06	 lost	 19/07/06	
Reading	"4"	 19/07/06	 lost	 19/07/06	 19/07/06	 lost	 06/09/06	
Reading	"5"	 06/09/06	 lost	 06/09/06	 06/09/06	 lost	 04/10/06	
Reading	"6"	 04/10/06	 lost	 04/10/06	 04/10/06	 lost	 08/11/06	
Reading	"7"	 08/11/06	 lost	 08/11/06	 08/11/06	 lost	 06/12/06	
Reading	"8"	 06/12/06	 lost	 06/12/06	 06/12/06	 lost	 10/01/07	


















Ø the	 instrument	 located	 in	 the	 hole	 S2/S5	 (Fig.	 5.7d)	 highlighted	 a	 slip	 surface	 with	movement	 of	
centimetres	to	9	m	depth	and	an	instability	in	the	bottom	of	the	hole	at	18	m	depth;	
Ø the	 inclinometer	 placed	 in	 the	 toe	 of	 the	 landslide,	 at	 the	 time	 of	 the	 installation,	 S1	 (Fig.	 5.7e)	















of	 the	 slope	were	 realized	 in	order	 to	 stabilize	 the	middle-lower	 region	of	 the	mass	movement	 to	 avoid	
further	down	slope	with	possible	formation	of	a	dam	in	the	Verrino	torrent.	
No	more	reports	or	news	of	important	reactivations	were	reported,	but	the	field	surveys	conducted	in	













From	 3D	 terrain	models	 generated	 by	 SfM	 technique	 applied	 to	 historical	 aerial	 images,	 a	 difference	












localization	of	 the	 trigger	 area	of	 the	 landslide	 and	 the	 zone	where	 the	 run-out	material	were	 amassed,	
































the	 displacement	 affecting	 8	 trihedral	 Corner	 Reflectors9	 located	 inside	 the	 landslide	 body	 and	 to	 map	
principal	landslide	structural	features	as	main	and	secondary	scarps.	The	displacement,	estimated	using	GPS	


















	 Reading	"0”	 Reading	"1”	 Reading	"2”	 Reading	"3”	 Reading	"4”	 Reading	"5”	
Base_1	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 no	surveyed	
Base_2	 Nov-2010	 Feb-2011	 Nov-2011	 no	survey	 no	survey	 no	surveyed	
Base_3	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 no	surveyed	
CR1	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 16/07/16	
CR2	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 lost	 (16/07/16)	
CR3	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 16/07/16	
CR4	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 16/07/16	
CR5	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 16/07/16	
CR6	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 16/07/16	
CR7	 Nov-2010	 Feb-2011	 Nov-2011	 Mar-2012	 May-2013	 16/07/16	























changes	 into	 the	body	of	 the	 landslide	 and	 in	 the	uphill	 area.	 Their	 localization	 and	mapping	 could	help	






scarps,	 mainly	 far	 from	 the	 boundary	 of	 the	 landslide,	 are	 smoothed.	 This	 could	 suggest	 no	 recent	
movements	in	those	areas,	but	possible	older	ones.	This	hypothesis	is	in	accordance	with	the	probability	that	
the	area	was	involved	in	some	paleo-landslide	on	which	the	investigated	mass-movement	is	superimposed.	




































































Fig.	 5.16	 -	 Categorization	 of	 the	 ERS	 ascending	 and	 descending	 PS	 time	 series	 of	 the	 surrounding	 of	 the	 CL-PO	
landslide.	
For	the	subsequent	period,	the	ENVISAT	data	were	investigated	with	the	same	method	(Fig.	5.17).	The	PS	
time	 series	 acquired	 in	 ascending	 orbit	were	 analysed	 individuating	 three	 breakpoints	 in	 three	 different	
years:	in	spring	and	autumn	2005	on	buildings	located	in	the	built	up	region	of	Area	3	and	uphill	with	respect	

























and	 for	 the	construction	 in	Area	3	built	 in	 the	crown;	bilinear	 (62%)	 for	quite	all	points	backscattered	by	

















Series	 made	 cleaning	 them	 by	 the	 regional	 trend	 in	 order	 to	 eliminate	 possible	 noise	 and	 to	 focus	 the	
attention	 on	 the	 real	 displacement.	 The	 ERS1/2	 data	 are	 very	 sparse,	 noisy	 and	 they	 do	 not	 cover	 all	
constructions,	in	fact	for	only	one	of	the	chosen	areas	the	PS	resulted	reliable.	Constructions	sited	on	the	




































































































recognized	 during	 the	 field	 campaign,	 probably	 caused	 by	 the	 different	 direction	 of	 movement	 which	
affected	 them.	 Furthermore,	 cyclical	 rates	 of	 movements	 were	 possible	 to	 recognize	 also	 in	 this	 graph	






























































Chronologically,	 the	 first	 classification	 adopted	 for	 the	 structures	 was	 that	 of	 Burland	 (1977)	 which	
investigates	only	damage	of	external	façades,	although	important	displacement	could	affect	the	foundation	
system.	Considering	this	ranking	about	a	half	of	the	buildings,	were	classified	from	Slight	to	Very	severely	


































and	Moderate	 levels	 of	 damage	 and	 already	 for	Moderate	 category	 the	 evacuation	 is	 suggested	 by	 the	
Authors.	The	high	ranks,	 i.e.	Partial	collapse	and	Total	collapse,	 include	six	buildings	probably	abandoned	












facilities	 and	 buildings	 damage	 classification	 by	 Cooper	 (2008).	 The	 values	 used	 to	 characterize	 the	
















levels	 (None	and	Negligible),	 four	categories	of	 important	damage	 (Severe,	Very	 severe,	Partial	 and	 Total	
collapse)	and	two	intermediate	grades	(Slight	and	Moderate).	Result	of	the	classification	(Fig.	5.32)	is	a	more	
homogeneous	 ranking	 of	 the	 buildings	 damage,	 than	 the	 previous	 described	 and	 applied	 approaches,	
involving	all	classes.	Besides	the	little	number	of	facilities	located	in	the	study	area,	it	is	possible	to	identify	a	















cracks	affecting	the	ground	surfaces,	as	 in	Cooper	(2008),	the	structures	and,	a	posteriori,	 the	facilities	 in	
sensu	 stricto	 allowing	 a	more	 precise	 categorization	 (Fig.	 5.33).	 The	 classification	 of	 the	 buildings	 in	 the	
surrounding	of	the	CL-PO	is	well	distributed	and	represents	all	categories.	An	important	number	of	them	are	
classified	in	Negligible	and	Weak	ranks,	as	seen	for	the	others	approach.	Furthermore,	an	important	number	











Fig.	 5.33	 -	 Classification	 of	 the	 facilities	 close	 to	 the	 CL-PO	 landslide	 according	 to	 the	 Del	 Soldato	 et	 al.	
(NewAprroach_under	review)	approach.	
It	is	curious	and	interesting	noticing	as,	for	all	the	applied	and	shown	categorizations,	the	buildings	located	
























zone,	 are	 visible.	 Laterally	 of	 the	 body	 of	 the	mass-movement	 some	 cracks	 are	 recognizable	 in	 the	 soils	
inducing	 to	 the	 possible	 continuous	 movement	 of	 the	 landslide.	 During	 several	 field	 campaigns,	 it	 was	


















The	 ENVISAT	 data	 extracted	 from	 the	 National	 Cartographic	 Portal	 (PCN)	 of	 the	 PST-A	 Project	 (Piano	














of	 the	data	with	 the	possible	 response	of	 the	structures.	As	visible	 in	Fig.	5.36,	 low	velocities	not	always	
indicate	no	displacement,	in	fact,	some	buildings	affected	by	low	velocity,	recognizable	in	green	in	Fig.	5.36a,	















































mass-movement	 (yellow	 in	 box	 1	 in	 Fig.	 5.38a)	 show	 a	 moderate	 velocity,	 but	 negligible	
displacement.	The	displacement	in	this	area	pertain	to	the	terrain	in	front	of	the	construction	affects	
its	foundation	but,	until	now,	not	harshly	involving	the	structure;	














































steepest	 slope	 of	 the	 PS	 intersecting	 the	 constructions.	 Then,	 the	 structures	were	 classified	 through	 the	











of	all	 the	PS	data	reflected	by	each	structure.	The	major	part	of	 the	structures	 far	 from	the	 landslide	are	























The	 same	 comparison	and	 typology	of	 classification	were	 conducted	also	by	means	of	 the	 cumulated	
displacement	 projected	 along	 the	 slope.	 In	 this	 case	 the	 values	 of	 cumulated	displacement	 affecting	 the	
constructions	explain	better	the	important	movements	involving	the	area	during	the	two	main	reactivation	
events.	The	same	buildings,	which	by	the	Vslope	were	classified	with	high	velocity,	also	using	the	Dslope	resulted	
















B_01	 Crown	 -6.07	 -5.61	 -71.29	 -65.82	
B_30	 Out	of	crown	 -3.78	 -3.52	 -48.47	 -44.78	













































are	 classified	 by	 means	 of	 the	 cumulated	 Dslope	 under	 the	 5	 mm,	 while	 employing	 the	 DEM	 with	 low	
resolution,	10-m	cell,	they	are	classified	above	the	threshold	value	in	red	(Fig.	5.43b).	This	confirms	as	the	
spatial	 resolution	of	 the	 initial	 data	and	 the	 choices	done	by	 the	users	 are	 important	 to	 reach	good	and	





















(Tuscany	 region,	 central	 Italy)	 were	 found,	 differently	 from	 the	 Colle	 Lapponi-Piano	Ovetta.	 The	 area	 of	
interest	is	located	between	the	rural	zone	and	the	southwestern	sector	of	the	city	centre,	characterized	by	









After	 the	 emergency,	 in	 2014-2015	 the	 Department	 of	 Earth	 Sciences	 of	 the	 University	 of	 Florence	
analysed	the	ground	instability	of	the	whole	Volterra	territory	in	order	to	update	the	pre-existing	landslide	
inventories	 (e.g.	 IFFI	 and	 PAI	 projects).	 Furthermore,	 the	 state	 of	 activity	 and	 the	 typology	 of	 mass-
movements	were	characterized	(Fig.	5.44).	Several	phenomena	affecting	the	area,	some	of	these	active,	are	
















Landslide	 geomorphological	 signatures	 are	 not	 simple	 to	 recognize	 by	 field	 investigations	 due	 to	 the	
diffusion	of	the	fabrics.	In	the	same	way,	the	recognition	of	little	and	often	obliterated	forms	on	historical	







easily	 to	 recognize.	 Furthermore,	 their	 evolution	 is	 easily	 recognizable	 analysing	 the	 subsequent	 3D	

































points	 clouds	and	 to	 calculate	 the	changes	of	 volume.	The	analysis	was	 conducted	 for	Le	Colombaie	 and	



















The	 hot	 colours	 of	 Fig.	 5.47	 indicate	 areas	 where	 the	 volume	 increased,	 thus	 regions	 affected	 by	
accumulation	of	material	eroded,	displaced	by	the	movements	of	the	entire	landslide	or	by	shallow	slope-

















few	 despite	 they	 show	 stability	 for	 the	 historic	 Volterra	 town	 and	 instability	 for	 some	 regions	 of	 the	
southwestern	 study	 sectors.	 The	 stability	 threshold	 for	 the	C-band	data	was	 assigned	at	 ±2	mm	and	 the	




The	 ENVISAT	 data,	 gathered	 between	 2002	 and	 2010,	were	 registered	 for	 ascending	 (Fig.	 5.49a)	 and	






















In	 the	 same	 period,	 due	 to	 some	 damage	 affecting	 buildings	 and	 facilities,	 seven	 inclinometers	were	
installed	to	monitor	the	evolution	of	the	slope	from	January	2009	(measure	considered	“read	zero”)	until	
















































































For	 the	 three	areas,	 the	ENVISAT	PS	 time	 series	were	 categorized	according	 to	 the	Berti	 et	 al.	 (2013)	
method.	The	analysis	was	conducted	for	the	wall	area	(Fig.	5.54a)	and	subsequently	also	for	the	area	of	main	
interest	 (Fig.	5.54b).	 Important	differences	were	 recorded	between	 the	percentage	of	distribution	of	 the	
classes	of	Berti	et	al.	(2013),	in	both	ascending	and	descending	orbits.	This	is	due	to	the	considerable	effect	
of	 the	 several	 stable	 points	 on	 the	 historical	 centre	 of	 Volterra	 resulting,	 according	 the	 used	 method,	
categorized	as	uncorrelated	because	not	showing	any	trend.	In	fact,	the	percentage	of	the	PS	time	series	for	
this	category	 in	both	descending	and	ascending	decreases	 from	69.8%	to	13.8%	and	 from	76.9%	to	49%,	

















the	 period	 2003-2010,	 the	 time	 series	 recorded	 on	 the	 centre	 of	 Volterra	 town	 by	 the	 COSMO-SkyMed	
constellation	 for	 the	 period	 2012-2015	 are	 categorized	 as	 uncorrelated	 due	 to	 them	 stability	 in	 both	
ascending	and	descending	orbit.	For	this	reason,	the	major	part	of	the	PS	time	series	(58.3%	in	descending	
and	 58.2%	 in	 ascending	 geometries)	 falls	 down	 in	 this	 class,	while	 only	 the	 1%	 and	 16.1%,	 respectively,	
considering	only	the	three	areas	of	interest.	The	linear	class	shows,	both	in	descending	and	ascending	orbits,	
frequencies	with	similar	values	indifferently	from	the	area	of	the	investigation	(from	26.9%	to	32%	and	from	






















































































The	 ascending	 data,	 showing	 the	 displacement	 moving	 toward	 the	 sensors,	 confirm	 the	 recorded	








the	 collapse	 of	 a	 part	 of	 the	walls	 enclosing	 Volterra	 town	 (Pratesi	 et	 al.,	 2015)	 not	 due	 to	 a	 landslide,	
therefore	it	was	not	considered	in		the	following	damage	classification	maps.	The	field	investigations	were	

















































































































affecting	 this	 area	 is	 identified	 for	 the	 Area3,	 as	 for	 the	 ascending	 geometry.	 Furthermore,	 some	











Fig.	 5.67	 -	 Buildings	 classifications	 conducted	 considerin	 the	 velocity	 (a)	 and	 the	 maximum	 dispacements	 (b)	
measured	along	the	Line	of	Sight	of	the	descending	orbit	by	ENVISAT	satellites.	








































































investigated	 three	areas	 show	 important	displacements.	 The	 same	 situation	 is	 recognizable	 for	 the	hotel	
close	 to	Area3.	 In	 spite	of	 the	ascending	and	 the	descending	data	were	merged	and	 the	values	 for	each	











The	 same	 procedure	 was	 conducted	 to	 the	 COSMO-SkyMed	 data	 reprojecting	 the	 velocity	 and	 the	
maximum	displacement	along	the	slope.	The	result	allowed	classifying	almost	all	 the	buildings	of	the	two	





























affecting	 buildings	 and	 facilities,	 categorized	 by	 Cooper	 (2008)	 and	 Del	 Soldato	 et	 al.	 (under	 review_b)	
combined	with	velocity	and	cumulative	ground	displacement	measured	by	ENVISAT	and	COSMO-SkyMed	
satellites.	It	is	important	to	highlight	that	the	analysis	on	displacement	rates	and	on	damage	was	performed	





























































































Fig.	 5.76	 -	 Plots	 of	 the	 values	 of	 velocity	 and	 maximum	 displacement	 acquired	 along	 the	 Line	 Of	 Sight	 in	 the	






























Fig.	5.77	 -	Graphs	 showing	 the	values	of	velocity	and	maximum	displacement	value	acquired	by	COSMO-SkyMed	
sensors,	 reprojected	 along	 the	 slope	 using	 a	 DEM	with	 5-m	 cell	 resolution,	 compared	 to	 the	 structures	 damage	
classified	by	Cooper	(2008)	and	Del	Soldato	et	al.	(under	review_b)	for	the	CL-PO	in	Agnone.	
The	same	investigation	conducted	on	the	damage	levels	with	respect	to	the	reprojected	velocity	data,	by	





















values	 gathered	 by	 COSMO-SkyMed	 satellites	 related	 to	 the	 buildings	 damage	 ranked	by	 Cooper	 (2008)	 and	Del	
Soldato	et	al.	(under	review_b)	for	the	CL-PO	in	Agnone.	
































































































reliability	 values,	 as	well	 as	 for	 some	 constructions	 in	 the	 upper	 region	 of	 Fontecorrenti.	 It	 is	 important	
noticing	 as	 few	 constructions	 ranked	 as	Very	 low	 reliability	 are	 present,	 thus	 featured	 by	 no	 agreement	
between	the	measured	Vslope	by	the	satellite	and	the	recorded	damage	categories.	
Analysing	 separately	 the	 three	 areas,	 different	 situations	 were	 visible	 due	 to	 the	 age	 of	 building	






















the	 rate	 of	 surveyed	 damage	 shows	 that	 almost	 all	 the	 constructions	 are	 ranked	 in	 High	 and	Medium	
reliability	categories.	For	both	classification,	based	on	the	buildings	damage	classification	of	Del	Soldato	et	

























sectors	 of	 Volterra	 (Tuscany	 region,	 central	 Italy),	 3D	 reconstructions	 were	 developed	 by	 means	 of	 the	
Structure	from	Motion	algorithm,	Photoscan	Pro	and	CloudCompare	software.	Usually	these	techniques,	as	
well	as	the	above-mentioned	software,	are	widely	used	for	the	analysis	in	geosciences	with	scenarios	shot	
by	UAV	 instruments.	 In	 this	PhD	thesis,	 these	 techniques	were	employed	to	create	3D	Points	Clouds	and	
models	 based	 on	 sets	 of	 aerial	 historical	 images	 dating	 from	 1945	 and	 1954	 for	 Agnone	 and	 Volterra,	
respectively.	The	precision	and	the	efficiency	of	the	models	obtained	depend	on	several	factors.	The	number	
of	images,	state	of	preservation	and	accuracy	used	during	the	scanning	process	play	a	key	role.	The	number	




sensors	 could	 be	 influenced	by	 the	weather,	 for	 instance	 clouds	 that	 hide	 the	 territory.	 These	 are	 some	
inconveniences	caused	by	using	historical	sets	of	images	with	some	negative	consequences	on	the	precision	
of	 the	 results.	Moreover,	 in	 the	old	 images	 recorded	by	 IGM,	 strategic	 and	military	areas	are	masked	or	
erased.	These	regions,	as	well	as	wide	water	areas	(i.e.	big	lake	or	the	sea	close	to	coastal	area),	create	some	
problems	 to	 the	 SfM	 algorithm	 during	 the	 modelling	 because	 they	 are	 recognized	 as	 areas	 with	 no	
























The	 oldest	 and	 the	 youngest	 reconstructed	 3D	 Points	 Clouds	 and	 models	 were	 used	 to	 assess	 the	












algorithm,	 highlight	 an	 increment	 of	 volume	 due	 to	 the	 fulfilment	 interventions	 made	 to	 mitigate	 the	
possibility	of	recurrences	on	that	side.	Another	interesting	facet	to	highlight	in	the	CL-PO	area	is	the	uphill	
portion	of	territory,	where	alternations	of	reduction	and	increment	of	volume	were	evident.	These	changes	
could	 be	 interpreted	 as	movements	 due	 to	 the	 accommodation	 of	 the	 big	 displacement	 caused	 by	 the	
important	 mass-movement	 that	 occurred	 in	 January	 2003.	 To	 support	 this	 theory,	 several	 scarps	 and	
counterslopes	were	recorded	in	that	area,	as	shown	in	the	geomorphological	map	produced	by	several	field	



























field	 surveys	 and	 damage	 recognizable	 in	 those	 areas	where	 important	 velocity	 was	 recorded.	 For	 each	
individuated	 area,	 in	 both	 investigated	 sites,	 sample	 time	 series	 were	 analysed.	 To	 better	 inspect	 them	












percentage	of	uncorrelated	 time	series	significantly	decrease	due	to	 the	stability	of	 the	historic	centre	of	
Volterra.	Also	in	this	case	no	abrupt	changes	involving	big	area	at	the	same	time	was	individuated.	
Given	 that	 the	main	aim	of	 the	 thesis	 is	 to	 look	 for	a	 relationship	between	 landslide-induced	damage	
recorded	on	buildings	and	the	velocity	of	displacement,	the	structures	close	to	the	CL-PO	landslide	and	the	
constructions	in	the	Le	Colombaie	and	Fontecorrenti	sectors	of	Volterra	were	classified	by	means	of	several	














methods	were	 firstly	 applied	 and	 critically	 examined	 throughout	 the	experience	 acquired	 in	 several	 case	













of	 the	 features	 of	 several	 existing	 approaches	 was	 critically	 realized	 and	 improved	 by	 means	 of	 the	
accumulated	experience	on	field.	
One	of	the	main	problems	of	the	classification	of	landslide-,	subsidence-	or	earthquake-induced	damage,	
is	 the	subjectivity	of	 the	operator	who	possesses	 few	values	and	too	general	descriptions	of	 the	possible	
damage.	To	limit	this	drawback,	a	sketch	with	function	of	referring	scheme	of	the	possible	damage	that	can	
affect	structures	and	grounds,	as	well	as	a	recording	scheme	requiring	several	information,	were	suggested	
to	 be	 used	 during	 field	 surveys.	 Such	 supplementary	 material,	 in	 addition	 to	 the	 improvement	 of	 the	
objectiveness	 of	 the	 investigation,	 allow	 operators	with	 little	 experience	 in	 this	 field	 to	 perform	 a	 good	
damage	survey	and	to	achieve	good	results.	
A	 further	 important	 characteristic	 of	 this	 approach	 is	 that	 it	 does	 not	 require	 accessibility	 to	 internal	
portions	of	the	structures.	This	philosophy	was	already	considered	in	one	of	the	last	developed	methods.	The	












It	 is	worth	noticing	 that	 in	 the	proposed	damage	 ranking,	 classes	 concerning	 the	 collapse	are	 absent,	
differently	to	the	existing	approaches	in	literature.	In	this	way,	maintaining	the	same	number	of	classes	the	
possibility	 to	 discretize	 the	 severity	 of	 the	 cracks	 identifiable	 on	 the	 façades	 improves.	 The	 same	




to	 the	 landslide-prone	 areas	 of	 the	 Colle	 Lapponi-Piano	 Ovetta	 in	 Agnone	 municipality	 (Molise	 region,	
southern	Italy)	and	in	the	southwestern	sector	of	Volterra	(Tuscany	region,	central	Italy),	the	method	was	
also	 proved	 on	 buildings	 in	 other	 sites	 abroad,	 e.g.	 in	 Finestrat	 (Alicante	 province,	 southwestern	 Spain).	
Different	 landslides-prone	 and	 -affected	 regions	 were	 chosen	 to	 verify	 the	 possibility	 to	 investigate	 the	
application	 of	 the	 new	 approach	 on	 different	 typologies	 of	 mass-movements	 with	 good	 accuracy.	 For	
instance,	roto-translational	slides	and	flows,	deep-seated	slow-movements,	rock	falls	and	shallow	landslides	
were	taken	into	consideration	during	the	validation	process.	
The	 applications	 of	 the	 new	 developed	 method	 (Del	 Soldato	 et	 al.,	 under	 review_b)	 allowed	 the	












Beside	 this,	 in	 such	 case,	 the	 categorization	 of	 buildings	 and	 facilities	 of	 CL-PO	 reflects,	with	 acceptable	
precision,	 the	 preventive	 restrictions	 promulgated	 by	 the	 municipality	 administrator,	 after	 the	 main	
reactivation	 of	 2003.	On	 the	 other	 hand,	 one	 building	 sticks	 out	 as	 affected	 by	Very	 slight	 or	Negligible	
damage,	according	to	all	categorizations	used,	despite	its	position	respect	to	the	boundary	of	the	landslide	













were	applied.	More	 than	500	 structures	affected	by	 several	quiescent	 and	active	 slope	 instabilities	were	
classified	in	Le	Colombaie	and	Fontecorrenti	sectors.	The	main	damaged	buildings	are	located	in	areas	where	





In	 the	 upper	 portion	 of	 Le	 Colombaie	 complex	 of	 landslides,	 several	 constructions	 show	 different	
situations	based	on	their	locations	with	respect	to	a	street.	The	four	constructions	in	the	downhill	portion	of	
the	 road,	 two	of	 these	built	 in	 the	 ‘90s	and	other	 two	older	and	now	probably	abandoned,	 show	severe	






occurring	displacement	 exhibiting	 a	 clear	 sliding	 surface	 and	 afterwards	were	broken	 to	 the	high	 terrain	
motion.	 It	 is	 interesting	to	notice	that	the	structure,	highly	damaged	and	put	under	restriction,	 is	 located	
perpendicularly	respect	to	the	geolithological	boundary.	





















constructions	and	 facilities	of	 the	CL-PO	 landslide	 in	Agnone	and	of	 the	southwestern	sectors	of	Volterra	
were	categorized	by	means	of	several	parameters	derived	from	the	PS.	Velocity	and	displacement	recorded	
along	the	Line	Of	Sight,	and	velocity	and	cumulated	displacement	reprojected	along	the	slope,	were	used	to	














with	a	different	 resolution.	 It	was	surprising	because	 the	 reprojection	conducted	with	both	high	and	 low	
































damage	and	ENVISAT	Vslope,	 indifferently	 to	 the	applied	classification	approach.	 Investigating	 the	possible	
relationship	between	COSMO-SkyMed	Vslope	and	levels	of	damage	recorded	by	Cooper	(2008)	and	Del	Soldato	
et	al.	(under	review_b)	methods,	some	differences	were	recognizable.	This	could	be	justified	considering	that	
the	damage	 recorded	 in	 the	 recent	 field	 surveys	had	probably	occurred,	 showing	high	correlation,	 in	 the	
period	 in	 which	 the	 ENVISAT	 satellite	 recorded	 the	 displacement	 velocity.	 The	 velocity	 recorded	 by	 the	
COSMO-SkyMed	constellation	for	Area2	results	higher	respect	to	the	level	of	low	damage	degrees	affecting	
the	 structures	 surveyed	 during	 the	 field	 campaigns.	 The	 constructions	 in	 this	 sector	were	 built	 recently,	




















The	 reliability	 categorization	 made	 for	 different	 sensors,	 between	 the	 damage	 and	 the	 velocity	 of	
displacement	is	a	fundamental	support	to	better	interpret	different	influences	of	the	damage	on	structures.	
Moreover,	 involving	ENVISAT	and	CSK	satellites,	 it	 is	possible	to	understand	the	period	in	which	the	main	




avoid	 errors.	 Some	 examples	 of	 low	 reliability,	 justifiable	 only	 analysing	 also	 the	 traditional	 data,	 of	 the	
correlation	between	the	recorded	damage	and	VLOS	are	shown	for	some	buildings	in	Volterra	where	damage	
recently	 surveyed	 was	 caused	 by	 old	 displacements.	 The	 same	 applies	 to	 few	 collapsed/abandoned	






















evaluate	 the	 occurred	 changes	 of	 volume.	 The	 investigation	 of	 the	 CL-PO	 landslide,	 involving	 the	 period	
between	 1945	 and	 2003,	 years	 of	 the	 last	 important	 reactivation	 show	 an	 interesting	 clear	 distinction	



































and	 COSMO-SkyMed	 sensors,	 for	 each	 orbit	 separately,	 showed	 no	 important	 relationship.	 A	 linear	
regression	characterising	an	upper	envelope	was	identified	combining	the	damage	levels	with	the	averaged	
value	of	the	velocity	reprojected	along	the	deepest	local	slope	(Vslope)	for	both	ENVISAT	and	COSMO-SkyMed	





















subsidence	 to	 increase	 the	 possible	 application	 of	 this	 new	method.	 In	 addition,	 it	would	 be	 interesting	
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At	 the	 end,	 a	 thanks	 to	 COSMO-SkyMed	 Product	 -	©ASI	 -	 Agenzia	 Spaziale	 Italiana	 -	 2016	 (All	 Right	
Reserved),	to	give	me	the	possibility	to	use	the	data	for	the	research	in	Agnone,	in	addition	to	“GEOPROGETTI	
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